Molybdenite concentrate is the major mineral for the molybdenum industry. The industrial processing of molybdenite concentrate is first to convert to technical grade molybdenum trioxide by its oxidative roasting, followed by its purification by distillation or its ammonia leaching. In the present research, detailed experimental results for the oxidative roasting of low grade Mongolian molybdenite concentrate are presented. The experiments were carried out in the temperature range of 778 to 838 K under air atmosphere by using a thermogravimetric analysis technique. The particle size of the molybdenite concentrate was varied between 53 and 103 mm. As an example of the oxidative roasting of low grade Mongolian molybdenite concentrate, more than 95% of 53 mm particle size molybdenite was converted to molybdenum trioxide in 40 min at 823 K. The Jander equation was found to be useful in describing the rates of the oxidative roasting, which had an activation energy of 215.0 to 259.3 kJ/mol (51.4 to 62.0 kcal/mol) for various sizes, such as 53 mm, 67 mm and 103 mm.
Introduction
In the molybdenum industry all molybdenite concentrates are first subjected to oxidative roasting to yield technical grade molybdenum trioxide (MoO 3 ). [1] [2] [3] After that, the technical grade MoO 3 produced is used as the basic starting material for the preparation of most of the industrially usable molybdenum products such as molybdenum metal, ferromolybdenum alloy and pure chemical molybdenum compounds, mainly high purity molybdenum trioxide and ammonium paramolybdate. 2) At the present the oxidative roasting of molybdenite concentrates has been commercially carried out in multiple hearth furnace or fluidized bed furnace. 4) Many chemical reactions take place in the roasting furnaces. Among them, it is very well known that the main reaction in the furnaces is 4) 
This is because the equilibrium constant for the reaction is about 10 52 -10 72 in the temperature range of 673 to 873 K, and thus the reaction of molybdenite with oxygen is highly irreversible thermodynamically, resulting in a main reaction.
In the oxidative roasting step, high grade molybdenite concentrates which contain 50-60% Mo were commonly used as an important raw material for manufacturing technical grade MoO 3 . A few investigations were thus conducted on kinetics of the oxidative roasting of the high grade molybdenite concentrates. [5] [6] [7] However, molybdenite concentrates are becoming more and more complex and low grade since the sources of clean deposits are progressively depleted. Generally, low grade molybdenite concentrates contains below 50% Mo with significant amounts of sulfide compounds such as PbS, FeS, ZnS and Cu 2 S. In spite of that, very little fundamental information is now available in the literature on kinetics of the oxidative roasting of low grade molybdenite concentrates (20-55% Mo).
Therefore, the major objective of this research is to investigate the oxidative roasting of Mongolian molybdenite concentrate which is one of the low grade molybdenite concentrates. The Mongolian molybdenite concentrate was obtained from Ovorbayan Molybdenum deposit in Sukhbaatar, Mongolia. In the present research, the rate of the oxidative roasting of the low grade molybdenite concentrate was measured in air atmosphere by using a thermogravimetic analysis (TGA) equipment under isothermal condition. The temperature and particle size effects on the oxidative roasting of the low grade molybdenite concentrate was investigated. It is thus expected that this work will help to design an alternative process for the oxidative roasting of such low grade molybdenite concentrates.
Experimental Work

Sample preparation
A natural low grade molybdenite concentrate was obtained from Ovorbayan Molybdenum deposit in Sukhbaatar, Mongolia. The concentrate was sieved to three sizes, 53 mm, 67 mm and 103 mm. The surface area of each particle before the oxidative roasting was measured by the BET equipments (Tristar, Micromeritics Co., U.S.A), which was 1.21 m 2 /g for 103 mm particle size molybdenite, 1.71 m 2 /g for 67 mm particle size molybdenite and 2.27 m 2 /g for 53 mm particle size molybdenite, respectively. The samples used for the experimental purpose mainly contain molybdenum and sulfur. Also, small amounts of lead, zinc, copper and iron are contained in the samples. The chemical compositions for each particle size of the molybdenite concentrate are given in Table 1 . Figure 1 presents XRD patterns for three particle sizes of the low grade molybdenite concentrate. The major identified peaks in the pattern indicate that the samples mainly contain MoS 2 . Also, many low intense unidentified peaks were found, which is possibly corresponded to sulfide compounds such as PbS, FeS, ZnS and Cu 2 S. However, it was very difficult in the study to identify such sulfide compounds at the samples. This might be the reason that the amounts of all such sulfide compounds contained in the samples are relatively small as shown in Table 1 .
Procedure
Experiments on the oxidative roasting of low grade Mongolian molybdenite concentrate were carried out in a thermogravimetic analysis (TGA) apparatus described in detail elseelsewhere. 8) A sample weight of about 500 mg (AE15 mg) of the Mongolian molybdenite concentrate was used for each run. The experiments were conducted at the temperature range of 778 K and 838 K under a dry air flow rate of 8.3 mL/s. During the experiments, the microbalance which continuously recorded the weight changes taking place during the oxidative roasting was protected from sulfur dioxide and hot gases by flushing it with a dry nitrogen gas of 16.7 mL/s.
The morphological characterization of the samples was performed using a scanning electron microscope (JSM-6380LV, JEOL Ltd, Tokyo, Japan) equipped with an energy dispersive X-ray spectrometer (Link Isis 3.0, Oxford Instrument plc, Oxon, U.K). The XRD patterns were obtained using a X-ray diffractometer (Rigaku D-max-2500PC, Rigaku/MSC, Inc., TX, U.S.A) with Cu K radiation ( ¼ 0:154 nm) operated at 40 kV and 30 mA. Samples before and after the oxidative roasting were analyzed for Fe, Si, and S by wet chemistry and for Mo, Pb, Cu and Zn by the inductively coupled plasma (ICP) method (JY-38 plus, Horiba Ltd, Kyoto, Japan).
Experimental Results
In this research, particles of the low grade molybdenite concentrate were observed by scanning electron microscopy (SEM) before and after the oxidative roasting. Although the molybdenite particles before the oxidative roasting are solid crystals, the product particles have considerable pores, as shown in Fig. 2 . The pores are formed when sulfur is removed from molybdenite particles during the oxidative roasting, while the overall particle size remains almost unchanged.
The TGA curves of the oxidative roasting of 53 mm, 67 mm and 103 mm molybenite particles obtained at 838 K under air (A) Before oxidative roasting (B) After the oxidative roasting atmosphere are shown in Fig. 3 . From the figure, it is seen that the weight increase takes place at the final period of the oxidative roasting of all the molybdenite particle sizes, and after that the weight change is relatively slight and irregular, and maintains almost the fixed level. Although not shown here, the phenomenon was also observed at over 838 K, but not shown below 823 K. The phenomenon was examined by XRD analysis of the samples before and after the oxidative roasting of all the molybdenite particle sizes. However, it was very difficult in the study to detect the XRD patterns of sulfate compounds such as PbSO 4 , FeSO 4 , ZnSO 4 and CuSO 4 in the samples obtained after the oxidative roasting as shown in Fig. 4 . This might be the reason that the amounts of all such sulfate compounds produced at the oxidative roasting are relatively small. As shown in Fig. 4 , only MoO 3 except the sulfate compounds such as PbSO 4 , FeSO 4 , ZnSO 4 and CuSO 4 was identified in the samples after the oxidative roasting. In spite of that, sulfur was detected in the samples obtained after the oxidative roasting of all the molybdenite particle sizes in air at 838 K. Table 2 represents the sulfur contents involved in the samples obtained after the oxidative roasting of all the molybdenite particle sizes in air at 838 K. It was thus considered that the phenomenon of weight increase in the final period of the oxidative roasting might be due to the sulfuration reactions of sulfide compounds such as PbS, FeS, ZnS and Cu 2 S as suggested by Kim et al.
8,9)
Kim et al. reported that in the study of the oxidative roasting of complex copper sulfide concentrate in air, similar phenomenon is observed due to the formation of sulfate compounds such as ZnSO 4 , CuSO 4 , PbSO 4 , and FeSO 4 . Figure 5 represents the TGA curves of the oxidative roasting of 53 mm, 67 mm and 103 mm molybenite particles obtained at 808 K under air atmosphere. This figure shows that the rate of weight decrease at the oxidative roasting increases with decreasing in the molybdenite particle size. This might be explained by the fact that the surface area of molybdenite particle increases with decreasing in molybdenite particle size. Similar results were reported by previous researchers. 5, 10) However, it was observed that the particle size effect is slight below the 67 mm molybenite particle size, as shown in the figure. The similar trends were also obtained at other temperatures considered in this research.
Kinetic analysis of the TGA data obtained after the oxidative roasting of the natural low grade molybdenite concentrate at the temperature range of 778 K to 823 K was done in order to interpret the mechanism of the oxidative roasting. In the present study, the degree of the oxidative roasting of all the molybdenite particle sizes at a particular time (X) during the oxidative roasting was defined as:
where W O is the initial weight (mg) of solid sample, W t is the weight (mg) of solid sample at a particular time, and F is the fraction of weight loss for the complete oxidative roasting of molybdenite (MoS 2 ). Here, the rates were measured by minimizing the effects of external mass transfer by using a sufficiently high flow rate (8.3 mL/s) of air and small amount (485-515 mg) of the natural low grade molybdenite concentrate, which was chosen through the preliminary experiments.
Interpretation of the Rate Data
The effect of reaction temperature on the oxidative roasting rate was determined by varying the reaction temperatures between 778 and 823 K under air atmosphere, while all other experimental variables, such as sample mass and gas flow rate, were nearly identical for the measurement. The effect of reaction temperature on the oxidative roasting rate of 53 mm, 67 mm and 103 mm molybenite particles is represented in Figs. 6-8 . These curves show that the degree of the oxidative roasting of all the molybdenite particle sizes increases with increasing in the reaction temperature and the rate of the oxidative roasting increases with decreasing in the molybdenite particle size. It was also seen that as an example, more than 95% of 53 mm particle size molybdenite is converted to molybdenum trioxide in 40 min at 823 K. In the present study, the degree of the oxidative roasting of all the molybdenite particle sizes until 0.95 was investigated for the kinetic analysis of the oxidative roasting.
The interpretation of the rate data was performed using a number of different rate equations including the power law, nucleation and growth model and shrinking-core model, from which the Jander solid-solid kinetics [11] [12] [13] proved to yield the best results. The kinetic equation was derived for the reactions controlled by fluid diffusion through the solid product layer. The applicability of this rate expression can be expected from the fact that the density difference of molybdenite (MoS 2 ) and molybdenum trioxide (MoO 3 ) is just 7.3%. This makes the overall volume change of all the molybdenite particle sizes before and after the oxidative roasting very small, as indirectly verified by a scanning electron microscopy (SEM) shown in Fig. 2 . In this rate expression, the degree of the oxidative roasting of the natural low grade molybdenite concentrate is related to the reaction time by where X is the degree of the oxidative roasting of the natural low grade molybdenite concentrate, t is the reaction time (s), and k J is the apparent rate constant (s À1 ). It is apparent from eq. (3) that a plot of ½1 À ð1 À XÞ 1=3 2 against t should be linear with k J as the slope.
The validity of the Jander rate expression for the oxidative roasting of all the molybdenite particle sizes in air was verified by plotting the oxidative roasting degree-time curves of Figs. 6-8 according to eq. (3), as shown in Figs. 9-11 . Examination of these figures reveals that the rate data follow well eq. (3). From Figs. 9-11, straight lines with highcorrelation coefficient (r > 0:994) were selected to represent the possible controlling mechanism. The values of k J were thus determined from the slopes of the figures. The rate constants, k J , for all the molybdenite particle sizes at different temperature are plotted according to the Arrhenius relationship in Fig. 12 . The slopes of the straight line placed through the experimental points yield activation energies of 259.3 kJ/mol for the 53 mm molybdenite particle size, 249.7 kJ/mol for the 67 mm molybdenite particle size and 215.0 kJ/mol for the 103 mm molybdenite particle size, respectively. These values are similar to the previous result obtained from the diffusion-controlled oxidation reaction of a high grade molybdenite concentrate under nonisothermal condition in air atmosphere. 5) As shown in Fig. 12 , the activation energies obtained from all the molybdenite particle sizes are relatively similar. This suggests that the mechanism of the oxidative roasting of the Mongolian molybdenite concentrate is not nearly affected by all the particle sizes studied. But, it was seen in the figure that the activation energy obtained from the 103 mm molybdenite particle size is a little low compared with them obtained from the 67 mm and 53 mm molybdenite particle sizes. This might be the reason that as particle size decrease, a thin and condensed film of (E 1 is the activation energy of 53 mm molybdenite particle size, E 2 is the activation energy of 67 mm molybdenite particle size, and E 3 is the activation energy of 103 mm molybdenite particle size.) molybdenum trioxide forms on the surface of molybdenite particles. However, no attempt was made in this work to elucidate the phenomenon. The rate constants k J for the 53 mm molybdenite particle size, 67 mm molybdenite particle size and 103 mm molybdenite particle size at different temperatures can be expressed by the following equations (R is the gas constant (J/molÁK):
For the 53 mm molybdenite particle size
For the 67 mm molybdenite particle size k J ¼ 4:1 Â 10 13 Á exp À249;700 RT ðs À1 Þ ð5Þ
For the 103 mm molybdenite particle size k J ¼ 1:2 Â 10 11 Á exp À215;000 RT ðs À1 Þ ð6Þ
Conclusion
The rate of weight decrease at the oxidative roasting of low grade Mongolian molybdenite concentrate with dry air shows down as the particle size increases. However, the particle size effect was slight below 67 mm molybdenite particle size. At the oxidative roasting temperature of over 838 K, the weight increase takes place at the final period of the oxidative roasting of all the molybdenite particle sizes studied, and after that the weight change is relatively slight and irregular, and maintains almost fixed level. The reason might be due to the sulfuration reactions of sulfide compounds such as PbS, FeS, ZnS and Cu 2 S which are main sulfide impurities contained in the natural low grade molybdenite concentrate. However, the weight increase at the final period of the oxidative roasting was not detected below 823 K. As an example of the oxidative roasting of the low grade Mongolian molybdenite concentrate, more than 95% of 53 mm particle size molybdenite was converted to molybdenum trioxide in 40 min at 823 K. The Jander equation was found to be useful in describing the rates of the oxidative roasting. The activation energies of the oxidative roasting were calculated to be 259.3 kJ/mol for the 53 mm molybdenite particle size, 249.7 kJ/mol for the 67 mm molybdenite particle size and 215.0 kJ/mol for the 103 mm molybdenite particle size, respectively.
